Introduction
Treatment of neuropathic pain, which is usually caused by direct nerve injury such as trauma, continues to be a major challenge. It is of clinical importance to determine the mechanisms underlying neuropathic pain and to develop medications that can treat it. Despite decades of investigation and numerous implicated processes, the specific cellular and molecular mechanisms underlying neuropathic pain remain elusive and clinical approaches are limited. In previous investigations, numerous hypotheses of basic pain mechanisms have focused on alterations and phenotypic switches of the nociceptive transmitters and modulators, as well as on their receptors and downstream signaling pathways that have already exerted roles in pain processes of mature nervous systems. The maladaptive plasticity has been the dominant model underlying neuropathic pain (Costigan et al., 2009) . We have demonstrated recently that Wnt signaling, which is important in the regulation of cellular processes such as synapse formation and plasticity and axon guidance during the development of nervous systems and is not involved in pain processes in physiological conditions, becomes critical to the development of neuropathic pain after nerve injury . This study may support the idea that neuropathic pain-inducing nerve injury may elicit neuronal alterations that recapitulate events occurring during development. This abnormally activated Wnt signaling becomes a trigger for the development of neuropathic pain. The core of the canonical Wnt signaling pathway is the regulation of ␤-catenin by a cytoplasmic destruction complex consisting of Axin, a central scaffold protein that interacts with adenomatous polyposis coli (APC), as well as glycogen synthase kinase-3 (GSK3), casein kinase 1 (CK1), and others (Clevers, 2006; Taelman et al., 2010; Li et al., 2012) . A recent study demonstrated that YAP and TAZ incorporation in the ␤-catenin destruction complex orchestrates the Wnt response. Cells without Wnt immediately sequester YAP and TAZ to the destruction complex and use them to recruit ␤-TrCP, which further degrades phospho-␤-catenin (Azzolin et al., 2014) . YAP and TAZ negatively regulate canonical Wnt/␤-catenin signaling (Park et al., 2015) . Wnt stimulation releases YAP and TAZ from the ␤-catenin destruction complex in the cytoplasm, stabilizing ␤-catenin, as well as YAP and TAZ nuclear translocation with the induction of their transcriptional responses (Azzolin et al., 2014) .
We hypothesized that neuropathic-pain-inducing nerve injury might cause nuclear translocation of YAP/TAZ. YAP/TAZ activity then orchestrates the canonical Wnt/␤-catenin signaling response through incorporation in the ␤-catenin destruction complex and thus plays a critical role in the pathogenesis of neuropathic pain. In this study, we have demonstrated that YAP and TAZ are core mechanisms underlying the pathogenesis of neuropathic pain and are targets for screening potent analgesics. We further discovered a new potent analgesic 4-((4-(3,4-dichlorophenyl)-1,2,5-thiadiazol-3-yl)oxy)butan-1-ol (dCTB), which greatly suppresses neuropathic pain by targeting YAP/TAZ/␤-catenin.
Materials and Methods
Animals, anesthesia, drugs, and drug administration. We purchased adult male Sprague Dawley rats (200 -220 g) from the Department of Experimental Animal Sciences, Peking University Health Science Center. All protocols were approved by the Animal Care and Use Committee of Peking University. All surgeries were done under anesthesia with sodium pentobarbital (50 mg/kg, i.p.). Verteporfin was from the United States Pharmacopeial Convention, lysophosphatidic acid (LPA) and PEG400 from Sigma-Aldrich, and Wnt3a from R&D Systems. The drugs were delivered intrathecally (in a volume of 20 l) into the CSF through lumbar puncture.
Chronic constriction injury of the sciatic nerve (CCI).
To produce peripheral nerve injury, a rat model of CCI was used in this study. The left common sciatic nerve of each rat was exposed at the midthigh level. Proximal to the sciatic nerve's trifurcation was freed of adhering tissue and four ligatures (4-0 surgical catgut) were tied loosely around it with ϳ1 mm between ligatures. Animals in the sham group received surgery identical to that described in CCI but without nerve injury.
Assessment of mechanical allodynia and thermal hyperalgesia. Mechanical allodynia was determined by measuring the incidence of foot withdrawal in response to mechanical indentation of the plantar surface of each hindpaw with a sharp, cylindrical probe with a uniform tip diameter of ϳ0.2 mm provided by an Electro von Frey (ALMEMO 2390-5 Anesthesiometer; IITC Life Science). The probe was applied to six designated loci distributed over the plantar surface of the foot. The minimal force (in grams) that induced paw withdrawal was read off of the display. Threshold of mechanical withdrawal in each animal was calculated by averaging the six readings and the force was converted into milli-Newtons (mN). For the behavior test in the verteporfin (VP) administration experiment, the rats were fed in a dark environment from 3 d before VP administration to adapt the darkness. Further, the basic withdrawal threshold and the threshold of mechanical withdrawal after VP injection were measured under a dark environment. Thermal hyperalgesia was assessed by measuring foot withdrawal latency to heat stimulation. An analgesia meter (IITC Model 336 Analgesia Meter, Series 8; IITC Life Science) was used to provide a heat source. In brief, each animal was placed in a box containing a smooth, temperature-controlled glass floor. The heat source was focused on a portion of the hindpaw, which was flush against the glass, and a radiant thermal stimulus was delivered to that site. The stimulus shut off when the hindpaw moved (or after 30 s to prevent tissue damage). The intensity of the heat stimulus was maintained constant throughout all experiments. The elicited paw movement occurred at latency between 10 and 15 s in control animals. Thermal stimuli were delivered 3 times to each hindpaw at 5-6 min intervals. For the results expressing mechanical allodynia or thermal hyperalgesia, the values are mean of ipsilateral feet.
qRT-PCR. Under deep anesthesia, the L4 -L5 spinal cord segments of rats were quickly removed and analyzed. Total RNA was isolated with TRIzol reagent (Ambion) according to the manufacturer's instructions. cDNA was then synthesized using the Takara PrimeScript Master Mix (Perfect Real Time) kit. qRT-PCR was performed with the DyNAmo Flash SYBR Green qPCR Kit (Thermo Fisher Scientific). The standard conditions were as follows: 95°C for 7 min, then 40 cycles at 95°C for 10 s and 60°C for 30 s, then 95°C for 15 s, 60°C for 60 s and 95°C for 15 s for melt curve. Primers used for expression analysis of CTGF and BIRC5 were as follows: gene CTGF: forward (5Ј-3Ј)-GGCAGGGCCAACCACTGTGC; reverse (5Ј-3Ј)-CAGTG CACTTGCCTGGATGG; gene BIRC5: forward (5Ј-3Ј)-CTGATTTGG CCCAGTGTTTT; reverse (5Ј-3Ј)-TCATCTGACGTCCAGTTTCG; and gene GAPDH: forward (5Ј-3Ј)-AGAGAGAGGCCCTCAGTTGCT; reverse (5Ј-3Ј)-TTGTGAGGGAGATGCTCAGTGT. Relative mRNA levels were calculated using the 2-⌬⌬CT method. Gene expression was first normalized to the housekeeping control gene GAPDH and, subsequently, the relative expression of genes of interest was compared with the respective experimental control.
Protein determinations. To quantify temporal changes in protein levels, Western blotting analysis was used. The spinal cord at L4 -L5 segments were quickly removed from deeply anesthetized rats and stored at Ϫ80°C. Sequential precipitation procedures were used on the tissue samples that were lysed in ice-cold (4°C) NP-40 lysis buffer containing a mixture of protease inhibitor, phosphatase inhibitors, and phenylmethylsulfonyl fluoride (Sigma-Aldrich). For the analyses of nuclear YAP, TAZ, and active-␤-catenin, nuclear extractions were prepared using a NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology) according to the manufacturer's instructions. The protein concentrations of the lysates were estimated using the method of BCA (with reagents from Pierce) and the total protein content between samples was equalized. The total protein were separated by SDS-PAGE and transferred to PVDF membrane (both from Bio-Rad Laboratories). The following primary antibodies were used: anti-YAP1 (1:1000; Cell Signaling Technology), anti-TAZ (1:1000; Cell Signaling Technology), anti-active-␤-catenin (1:1000; Millipore), anti-MST1/2 (1:1000; Cell Signaling Technology), anti-pMST1/2 (1:1000; Cell Signaling Technology), anti-LATS1 (1:1000; Sigma-Aldrich), anti-pLATS1 (1:1000; Cell Signaling Technology), anti-pNR2B (Tyr 1472 , 1:1000; Millipore), anti-pPKC␥ (1: 1000; Cell Signaling Technology), anti-laminB(1:10000; Abcam), and anti-GAPDH (1:8000; Sigma-Aldrich). The membranes were then developed by enhanced chemiluminescence reagents (PerkinElmer) with horseradish peroxidase-conjugated secondary antibodies (R&D Systems). Data were analyzed with the ImageJ.
Immunohistochemistry. Deeply anesthetized rats were perfused transcardially with 0.9% saline followed by 4% paraformaldehyde. The L4 -L5 spinal cord segments and DRGs were removed and postfixed in 4% paraformaldehyde 24 -48 h. After being postfixed, the tissues were transferred into 40% sucrose (in 0.1 M PB) for 3 d for dehydration. The tissues were sectioned at 30 m thickness for spinal cord and DRG sections. For immunofluorescence staining, free-floating sections were blocked in PBS containing 10% donkey serum with 0.3% Triton X-100 for 2 h and incubated in primary antibody at 4°C overnight. Sections were then washed in 0.1 M PBS with 0.05% Triton X-100, pH 7.6 (3 ϫ 5 min) followed by incubating in the secondary antibody at room temperature for 2 h and washing. Sections were mounted on slides and covered with 90% glycerin for observation under a confocal microscope (FluoView FV1000; Olympus). The antibodies used included anti-YAP1 (1: 800; Abcam), anti-TAZ (1:600; Abcam), anti-NeuN (1:4000; Millipore), anti-GFAP (1:200; Millipore), anti-Iba1 (1:200; Abcam), FITC conjugated Isolectin B4 (1:100; Sigma-Aldrich), anti-CGRP (1:100; Abcam), and anti-MAP2 (1:5000; Abcam). For nucleus counterstaining, sections were incubated with DAPI (1:3000; Sigma-Aldrich) for 3 min at room temperature. Data were analyzed with ImageJ. To obtain quantitative measurements of GFAP and IBA1 immunofluorescence in the dorsal horn, 15 fields covering the entire superficial dorsal horn in each group, which included 15 spinal cord sections from five rats (three sections from each rat), were evaluated and photographed at the same exposure time to generate the raw data. The average green fluorescence protein intensity of each pixel was normalized to the background intensity in the same image.
siRNA interference. Stealth RNAi siRNA (set of three oligos) targeting rat Willin, YAP, TAZ, and Stealth RNAi Negative Control were purchased from Invitrogen. One from three siRNAs that target every molecule was selected by preliminary behavioral test and by immunoblotting. Sequences were as follows: siRNA for willin: ID RSS352387, 5Ј-AGUACUUGCUGGUUCUC UUCACGGG-3Ј and 5Ј-CCCGUGAAGAGAACCAGCAAGUACU-3Ј; siRNA for YAP: ID RSS325772, 5Ј-UCUUCUGGUCAGAGAUACUUC UUAA-3Ј and 5Ј-UUAAGAAGUAUCUCUGACCAGAAGA-3Ј; siRNA for TAZ: ID RSS355198, 5Ј-AGCAGACUCUACAUCAUUGAAGAGG-3Ј and 5Ј-CCUCUUCAAUGAUGUAGAGUCUGCU-3Ј; and siRNA for NegativeControlLOGC_e0N: 5Ј-AGCUACACUAUCGAGCAAUUAAC UU-3Ј and 5Ј-AAGUUAAUUGCUCGAUAGUGUAGCU-3Ј. For administration, the siRNA was dissolved in RNase-free water at the concentration of 1 mg/ml as stock solution. The siRNA was mixed with branched polyethyleneimine (PEI; Sigma-Aldrich) for 10 min at room temperature before in vivo intrathecal injection to increase cell membrane penetration. PEI was dissolved in 5% glucose and 1 g of siRNA was mixed with 0.18 l of PEI. The negative siRNA, which was designed to minimize sequence homology to any known vertebrate transcript, was used as a control. In the naive rats, Willin siRNA was intrathecally injected in a single dose (10 g) or 3 doses (10 g each) daily for 3 consecutive days. In the rats that received CCI treatment, pretreatment of TAZ siRNA (10 g/d) or YAP siRNA (5 g/d) was administered 30 min before surgery. After surgery, the siRNA was administered continuously in the same dose daily for another 2 consecutive days during the early time course after CCI treatment. To determine the effect of YAP or TAZ targeting siRNA on the persistence of neuropathic pain, YAP siRNA (5 g/d) and TAZ siRNA (10 g/d), respectively, were administered continuously daily for 3 consecutive days during postoperative days 11-13.
Synthesis of dCTB. (3,4-dichlorophenyl) boronic acid (27.40 g, 143.59 mmol, 1.00 equivalent), 3,4-dichloro-1,2,5-thiadiazole (21.14 g, 136.41 mmol, 0.95 equivalent), KF (25.03 g, 430.77 mmol, 3 .00 equivalent), and Pd(PPh 3 ) 4 (3.03 g, 2.62 mmol) in a mixture of toluene (356 ml) and H 2 O (365 ml). The reaction mixture was turned red. The mixture was degassed and then heated to 90 -100°C for 36 h under N 2 . TLC (PE, Rf ϭ 0.8) showed that most of starting material was consumed completely. The organic layer was decanted off and the aqueous layer was reextracted with ethyl acetate (40 ml). The organic phase was washed with saturated brine (40 ml), dried over anhydrous Na 2 SO 4 , and concentrated in a vacuum to give a residue that was purified by column chromatography (PE) to give the crude, then repurified by flash column (PE) to afford the pure intermediate product (3.20 g, 11.93 mmol, 8 .31% yield, 95% purity) as a white solid.
To a suspension of NaH (2.89 g, 120.50 mmol, 8.00 equivalent) in tetrahydrofuran (THF) (60 ml) at 0°C was added butane-1,4-diol (5.43 g, 60.25 mmol, 4.00 equivalent) dropwise by syringe. The reaction mixture was heated to 70°C and let stir for 1 h. The reaction mixture was cooled to ϳ20 -25°C and a solution of compound the pure intermediate product (4.00 g, 15.06 mmol, 1.00 equivalent) in anhydrous THF (20 ml) was added dropwise by syringe. The reaction mixture was heated to70°C and stirred for 4 h. The suspension then turned light yellow. The reaction mixture was cooled to ϳ20 -25°C, treated with saturated aqueous sodium bicarbonate (300 ml), and concentrated under reduced pressure to remove the THF. The residual aqueous mixture was diluted with saturated aqueous sodium bicarbonate (200 ml) and extracted with EtOAc (3 ϫ 80 ml). The combined organic phases were dried over Na 2 SO 4 , filtered, and concentrated. Purification was by flash column (PE: EtOAc ϭ 0ϳ50%) to give the crude, which was triturated in hexane (20 ml) for 1 h, then filtered the suspension to give the product dCTB (1.29 g, 4.03 mmol, 27% yield) as a white solid.
Statistics. Prism (GraphPad) was used to conduct all statistical analyses. Alterations of expression of the mRNA and proteins detected and the behavioral responses to mechanical and thermal stimuli over time among groups were tested with one-way or two-way ANOVA with repeated measures followed by Holm-Sidak tests, respectively. Individual t tests were used to test specific hypotheses about differences between each operated or drug-treated group and its corresponding control group between the naive or sham and the treatment for Western blot data. All data are presented as mean Ϯ SEM. The criterion for statistical significance was p Ͻ 0.05.
Results

Nuclear accumulation of YAP/TAZ/␤-catenin in the spinal dorsal horn after CCI
To verify the hypothesis that peripheral nerve injury might cause nuclear accumulation of YAP and TAZ with induction of their transcriptional responses, a process that may underlie pathogenesis of neuropathic pain, we began by examining the expression of YAP, TAZ, and active ␤-catenin protein in nerve-injured spinal cord and DRG cell nuclei at segments L4 -L5. Western blot analyses showed that CCI treatment caused a rapid increase in the nuclear expression of YAP, TAZ, and active ␤-catenin in the spinal cord within a day, an increase that persisted for at least 14 d. YAP expression levels peaked at 7 d and then decreased significantly at 14 d, whereas TAZ and active ␤-catenin maintained high expression levels throughout the 1-14 d (Fig. 1A) . Increases in YAP and active ␤-catenin were detectable at as early as 1 h, whereas no increase of TAZ was detected at either 1 or 6 h ( Fig. 1B) after CCI treatment. Immunofluorescence validated the nuclear accumulation of YAP and TAZ in the dorsal horn ( Fig.  1C ), but not in the ventral horn of the spinal cord. Sham surgery did not alter the nuclear expression of YAP, TAZ, or active ␤-catenin. These results support our hypothesis that peripheral nerve injury triggers nuclear transportation of YAP/TAZ/␤-catenin. However, in DRG cells, YAP and TAZ were mainly sequestrated in the cytoplasm, not in the nucleus. CCI treatment did not induce nuclear accumulation of YAP or TAZ. This is consistent with our recent findings that increased expression of ␤-catenin due to CCI, as well as its nuclear accumulation, was seen in the spinal dorsal horn, but not in the DRG . This finding is also consistent with results of a study showing that canonical, ␤-catenin-dependent Wnt signaling in DRG neurons is not crucial in Wnt3a-induced pain hypersensitivity (Simonetti et al., 2014) .
Given that CCI can induce nuclear accumulation of YAP/ TAZ, we continued to examine their protein expression and cellular distribution in the spinal cord. Western blot analysis showed that CCI treatment caused a rapid-onset (within 1 d) and long-lasting increase in the expression of YAP and TAZ in the spinal cord. YAP was increased starting from 1 d, peaked at 1-7 d, decreased at 14 d, and then returned to control levels at 21 d. TAZ increased gradually from 1 d, peaked at 3 d, and maintained a high level up to the last examination day after CCI, day 21 (Fig. 1D ). Immunofluorescence showed that YAP and TAZ immunoreactivity was greatly increased and was distributed predominantly in the superficial layers of the dorsal horn, the critical regions in the nociceptive pathway ipsilateral to CCI (Fig. 1E) . YAP immunoreactivity was specifically colocalized with neuronal somata (NeuN), but not with dendrites (MAP2), astrocytes (GFAP), or microglial cells (IBA1) (Fig. 1F, top row) . In contrast, TAZ was additionally colocalized with neuronal dendrites and microglial cells (Fig. 1F, bottom row) . Such distinct differences of cellular distributions of YAP and TAZ in the dorsal horn may suggest different functions of these cells and different roles in the pathophysiology of neuropathic pain. Immunofluorescence showed that neither YAP nor TAZ in the superficial dorsal horn was colocalized with CGRP-or IB4-positive primary afferent terminals (data not shown), indicating that the increased expression of YAP and TAZ in the dorsal horn originated from the dorsal horn of the spinal cord, but was not released from the central terminals of the DRG neurons.
Inhibition of the Hippo pathway after nerve injury
Mechanisms underlying the regulation of YAP/TAZ subcellular localization is not understood completely, but the Hippo pathway is well known as a crucial YAP/TAZ regulator (Azzolin et al., 2014) . MST1/2 can phosphorylate and activate LATS1/2 kinases that in turn phosphorylate YAP/TAZ, leading to nuclear exclusion ( Fig. 2A) . Therefore, we examined the effect of CCI upon these core kinases of the Hippo pathway upstream of YAP/TAZ. Western blot results showed that CCI treatment caused persistent (1-14 d), significant downregulation of the phosphorylation of MST1/2 (p-MST1/2) and LATS1 (p-LATS1) (Fig. 2B) , indicating an inhibition of the Hippo pathway after CCI treatment, which causes nuclear transportation of YAP/TAZ.
The expression of most of the p-MST and p-LATS Western blot bands were quite weak compared with those of MST and LATS, respectively. We adjusted brightness and contrast to make the bands of p-MST and p-LATS clear enough and to avoid MST and LATS overexposure. Density can thus be compared between each well on the same gel. Different gels run in the different conditions cannot be compared. This is consistent with previous findings . In addition to the Hippo signaling cascade, YAP/TAZ nuclear accumulation can also be regulated by other regulators such as mechanotransduction and tissue architectural cues , which were not discussed in this study.
Contributions of YAP and TAZ to the induction and maintenance of neuropathic pain
Given that CCI treatment causes nuclear accumulation and increased protein expression of YAP and TAZ, which are similar to each other in neuronal somata but dissimilar in neuronal dendrites and microglial cells and in the timing patterns of their expression after nerve injury, we investigated the roles of YAP/ TAZ activity in neuropathic pain using pharmacological approaches and RNA interference. In the nucleus, TEAD families of transcriptional factors are known to mediate YAP/TAZ activities (Hansen et al., 2015) . VP, a prescriptive medicine currently used in the clinical setting for treating macular degeneration (Brown et al., 2006) , has the capability of impeding the YAP-TEAD association and causing inhibition of YAP activity (Zhao et al., 2008; Liu-Chittenden et al., 2012) . We therefore tested whether VP could impede neuropathic pain. Our results showed that CCI treatment significantly increased expression of the endogenous YAP target genes Ctgf and Birc5 (Sorrentino et al., 2014) , in addition to causing neuropathic pain manifested as mechanical hypersensitivity (allodynia). A single dose of VP (0.45 mg, i.t.) administered 30 min before CCI significantly inhibited the increased expression of Ctgf and Birc5 detected on 1 d after CCI (Fig. 3A) . Repetitive intrathecal VP in the early phase (0.45 mg daily for 3 consecutive days starting 30 min before surgery) significantly delayed the onset of mechanical allodynia from day 3 to day 7 compared with the CCI-vehicle control (PEG400). Neither PEG400 nor VP changed the mechanical threshold in sham control animals (Fig. 3B) . Furthermore, a single dose of VP (0.45 mg, i.t.) given transiently on postoperative day 14 significantly inhibited established mechanical allodynia. Such an inhibition started within 1 h and lasted for ϳ6 h (Fig. 3C) . Such repetitive VP treatments did not affect locomotor activities (data not shown) and no significant side effects were observed.
To validate the role of YAP in neuropathic pain, we further tested the effect of in vivo knock-down of YAP on mechanical allodynia. Spinal repetitive administration of YAP-targeting siRNA in the early phase after CCI (5 g daily for 3 consecutive days starting 30 min before CCI) delayed the induction of mechanical allodynia for 2 d and significantly reduced the severity of mechanical allodynia by ϳ50 -70% for 11 d (Fig. 3D) . Intrathecal YAP-targeting siRNA in the later phase after CCI (5 g daily for 3 consecutive days starting 11 d after CCI) significantly suppressed the established mechanical allodynia (Fig. 3E) . These results support the idea that nuclear activity of YAP is critical to the induction and persistence of neuropathic pain. We continued to examine the possible role of TAZ in neuropathic pain by in vivo knock-down of TAZ. In the early phase of CCI, repetitive intrathecal TAZ-targeting siRNA (10 g daily for 3 consecutive days starting 30 min before surgery) failed to change the induction and persistence of neuropathic pain (Fig. 3F) . However, in the later phase of CCI, intrathecal TAZ-targeting siRNA (10 g daily for 3 consecutive days starting 11 d after CCI) dramatically reversed the established mechanical allodynia (Fig. 3G) . Compared with YAP-targeting siRNA, TAZ-targeting siRNA did not affect the induction of neuropathic pain, but had a strong analgesic effect on the established mechanical allodynia. The inhibition of TAZ- targeting siRNA on the established allodynia lasted for 10 d, whereas that of YAP-targeting siRNA lasted for 6 d (Fig.  3 E, G) . These results indicate that YAP is involved in both early induction and later persistence, whereas TAZ is involved only in later persistence and is unnecessary for the early induction of neuropathic pain after CCI.
In addition, we examined effective knock-down of YAP and TAZ in vivo in the nerve-injured spinal cord. Our results showed that CCI-induced expression of both total protein (Fig. 3H, left) and nuclear protein (Fig. 3H, right) levels of YAP and TAZ was significantly inhibited by either intrathecal YAP-or TAZtargeting siRNA. A single dose (on postoperative day 11) or re- (5 g each injection) . F, G, Effects of TAZ-targeting siRNA (10 g each injection) on induction (F ) and persistence (G) of mechanical allodynia. H, Effective knock-down of YAP and TAZ in vivo by their siRNA. Expression of the total (left) and nuclear (right) protein of YAP and TAZ was detected. Tissues were taken 24 h after a single (1i) or repetitive (daily for 3 consecutive days, 3i) spinal administration. PEG400 and negative siRNA were used as control. Each intrathecal administration is indicated by an arrow on the corresponding time point. Eight rats were included in each group. Solid triangle (OE) indicates CCI surgery. One-way ANOVA, (A) Ctgf: petitive doses (daily for 3 consecutive days on postoperative days 11, 12, and 13) of YAP-or TAZ-targeting siRNA produced significant and similar knock-down of the total and nuclear protein of YAP and TAZ in the spinal cord. Meanwhile, a single injection of siRNA for YAP or TAZ resulted in significant inhibition of established mechanical allodynia (behavioral data not shown), which was measured 24 h after injection immediately before the surgery to collect the spinal cord tissues.
Promoting nuclear accumulation of YAP/TAZ leads to mechanical hypersensitivity in naive animals
After demonstrating that CCI treatment induces nuclear accumulation of YAP/TAZ and that blocking YAP/TAZ activity suppresses neuropathic pain, we inferred that promoting the nuclear accumulation of the transcriptional regulators YAP/TAZ could induce pain in naive animals. It is well known that the Hippo pathway is one of the crucial YAP/TAZ regulators. The Hippo pathway core MST1/2-LATS1/2 kinase cascade inhibits YAP/TAZ through direct phosphorylation, which results in cytoplasmic retention via 14-3-3 binding and further promotes ␤-TrCP-mediated YAP/TAZ ubiquitination and degradation (Azzolin et al., 2014; Hansen et al., 2015) . This Hippo signaling pathway can be inhibited by knock-down of Willin/FRMD6, which decreases the phosphorylation of MST1/2 and LATS1 (Angus et al., 2012) . Upon inhibition of the Hippo pathway, YAP/TAZ are activated and translocated into the nucleus to bind TEAD family transcription factors to stimulate target gene expression involved in cell proliferation, stem cell self-renewal, and tumorigenesis (Azzolin et al., 2014) . We therefore performed knockdown of Willin/FRMD6 in vivo and monitored the subcellular localization of YAP, TAZ, and ␤-catenin. First, we examined the actual knock-down of Willin/FRMD6 protein and the subsequent alterations of phosphorylation of MST1/2 and LATS1 in vivo. Expression of Willin/FRMD6 was significantly inhibited after a single intrathecal injection or repetitive (once a day for 3 consecutive days) intrathecal injections of its targeting siRNA (10 g each) (Fig. 4A) . Phosphorylation of MST1/2 and LATS1 was also significantly downregulated after the same repetitive treatment of Willin/FRMD6-targeting siRNA (Fig. 4B) . Then, we continued to show that knockdown of Willin/FRMD6 led to nuclear accumulation of all three transcriptional regulators, YAP/TAZ/␤-catenin, in the spinal cord (Fig. 4C) . Furthermore, Willin/FRMD6 knock-down induced significant mechanical hypersensitivity, which started 24 h after the first injection and persisted for up to 13 d (Fig. 4D ). Such mechanical hypersensitivity is similar to that induced by CCI. These results show that promoting nuclear accumulation of YAP/TAZ/␤-catenin can induce pain in naive animals, indicating that nuclear accumulation of YAP/TAZ/␤-catenin is sufficient for inducing painful behavior.
We also investigated whether certain acknowledged neuropathic pain initiators could cause pain by inducing nuclear accumulation of YAP/TAZ. LPA and Wnt3a have been identified as typical neuropathic pain initiators (Inoue et al., 2004; . Our results showed that intrathecal LPA (40 nmol) daily for 3 consecutive days and a single injection of Wnt3a (60 ng), respectively, in naive rats resulted in a great increase of expression of nuclear YAP/TAZ/␤-catenin in the spinal cord (Fig.  4 E, F ) , in addition to the induction of a rapid-onset, long-lasting mechanical hypersensitivity (Fig. 4G,H ) . To further investigate whether YAP/TAZ activity would be necessary for LPA-and Wnt3a-induced mechanical allodynia, LPA or Wnt3a was injection with VP, which inhibits YAP/TAZ-TEAD function. The results showed that coadministration of LPA or Wnt3a with VP (0.45 mg, i.t., 2 h before LPA or Wnt3a) did not result in significant mechanical hypersensitivity (Fig. 4G,H ) . Together, these results support the idea that nuclear accumulation of YAP/TAZ is sufficient and necessary for pain induction.
Synthesis of the small molecule dCTB, which inhibits YAP/TAZ/␤-catenin activity
The data presented so far strongly support the idea that the transcriptional response of YAP/TAZ may be the core mechanism that underlies the pathogenesis of neuropathic pain. Therefore, the corollary is that a reagent that causes nuclear accumulation of YAP/TAZ in the spinal dorsal horn may result in neuropathic pain and a reagent that inhibits YAP/TAZ activity may result in analgesia. dCTB is an existing antitumor small molecule and also an inhibitor of the Wnt and Hippo pathways. We tested the possible analgesic effect of dCTB in CCI rats in vivo. Because the chemical synthetic pathway described in the only existing report (Basu et al., 2014) did not lead to an effective synthesis of dCTB, we thus explored and developed a more efficient, new chemical synthetic pathway to produce such a molecule. The new chemical synthetic pathway of dCTB is shown in Figure 5A . We then validated the molecular effect of dCTB by Western blot and immunofluorescence staining. Repetitive intrathecal dCTB (1.6 mg daily for 3 consecutive days on postoperative days 11, 12, and 13) greatly inhibited CCI-induced nuclear accumulation of YAP, TAZ, and ␤-catenin (Fig. 5 B, C ) and led to a great decrease of protein expression of LATS and an increase of p-LATS, a core kinase of Hippo pathway. Expression of another core kinase of Hippo pathway MST and its phosphorylation were not significantly altered (Fig. 5D) . These results indicate that dCTB may inhibit YAP/TAZ activity by activating the Hippo signaling pathway through increasing the ratio of p-LATS/LATS and may restore homeostasis under the condition of nerve injury.
Spinal administration of dCTB inhibits induction and persistence of neuropathic pain
Given that dCTB has the potential to not only inhibit activity of YAP/TAZ/␤-catenin, but also to reactivate CCI-induced inhibition of the Hippo signaling pathway, we continued to determine the pharmacological effect of dCTB on neuropathic pain. Rats that received CCI exhibited neuropathic pain manifested as thermal hyperalgesia and mechanical allodynia. Spinal administration of dCTB in the early phase (1.6 mg daily for 3 consecutive days starting 30 min before surgery) completely blocked the induction of thermal hyperalgesia for at least 27 d through the last examination (Fig. 6A) . The onset of mechanical allodynia was greatly delayed for ϳ3 weeks. The severity of the resumed mechanical allodynia was significantly less than that of the control animals without dCTB treatment (Fig. 6B) . Administration of dCTB in the late phase (1.6 mg daily for 3 consecutive days on postoperative days 11, 12, and 13) completely abolished the established thermal hyperalgesia, which did not return until the last examination on postoperative day 27 (Fig. 6C) . The established mechanical allodynia was also completely blocked for 10 d and then recovered ϳ50% during the 10 -14 d after termination of the last injection (Fig. 6D) . We also tested the dose-dependent analgesic effects of intrathecal dCTB on the established neuropathic mechanical allodynia after CCI. dCTB exhibited positive, dose-dependent analgesic effects in both strength and duration of analgesia at the range of 0.08 -0.32 mg. The inhibition reached peak within an hour and lasted for 2-12 h (Ն6 -12 h for 0.8 mg and 1.6 mg vs 2-3 h for 0.08 -0.32 mg) (Fig. 6E) . dCTB treatment at its highest dose used here (1.6 mg) did not affect locomotor activities and did not produce obvious side effects (Fig. 6F ) .
In addition to the tremendous analgesic effects of dCTB, our results also showed that repetitive intrathecal dCTB (1.6 mg daily for 3 consecutive days) greatly inhibited the neurochemical signs accompanying neuropathic pain, including activation of the astrocytes and microglial cells (Fig. 7A) , as well as phosphorylation of NR2B and PKC␥ (Fig. 7B) in the spinal cord after CCI treatment. 
Discussion
Our study reveals that YAP/TAZ are core mechanisms underlying the pathogenesis of neuropathic pain, making them targets in the screening for potent analgesics. We also discovered a potent analgesic dCTB for treating neuropathic pain after nerve injury. The principle findings are fourfold. First, nerve injury (CCI treatment) causes the rapid onset of long-lasting nuclear accumulation (activity) of YAP/TAZ/␤-catenin in the spinal dorsal horn, but not in the DRG. Second, spinal inhibition or knock-down of YAP activity suppresses induction and persistence of CCI-induced mechanical allodynia, as well as allodynia induced by LPA and Wnt3a, whereas inhibition or knock-down of TAZ suppresses only established (persistent) mechanical allodynia. Third, promoting nuclear accumulation of YAP/ TAZ leads to mechanical hypersensitivity in naive animals. Fourth, spinal administration of dCTB, a new small molecule that targets YAP/TAZ/␤-catenin activity, inhibits the induction and persistence of neuropathic pain, as well as associated neurochemical alterations.
YAP/TAZ: an "ON-OFF" switch for neuropathic pain
We showed recently that canonical Wnt signaling, which is important for various developmental processes and shows dysregulation in certain diseases and disorders (Clevers and Nusse, 2012) , is critical to the pathogenesis of neuropathic pain . Canonical Wnt signaling activation is mediated by ␤-catenin, which is regulated by a cytoplasmic destruction complex (Clevers, 2006; Taelman et al., 2010; Li et al., 2012) . In this study, we have demonstrated that the nuclear activity of the transcriptional regulators YAP and TAZ, which orchestrate the Wnt In B-D, dCTB (1.6 mg, i.t.) was given on days 11, 12, and 13, respectively, after CCI. Tissues were collected 6 h after the last injection.
response by incorporating into the ␤-catenin destruction complex (Azzolin et al., 2014) , is the core mechanism underlying the pathogenesis of neuropathic pain. Nerve injury causes rapidonset and long-lasting nuclear accumulation of YAP/TAZ and ␤-catenin in the spinal dorsal horn neurons and of TAZ in microglial cells. There was a brief report showing alteration of YAP/ TAZ in the spinal cord after nerve injury . Spinal inhibition of YAP/TAZ activity suppresses neuropathic pain after nerve injury. Meanwhile, promotion of nuclear accumulation of YAP/TAZ leads to pain in naive animals. Nuclear activity of YAP/ TAZ is sufficient and necessary for pain development precisely orchestrating pain status by flipping an ON-OFF switch after nerve injury and activation of certain pain initiators such as LPA and Wnt3a. A flowchart illustrating mechanisms underlying the contributions of YAP/TAZ and ␤-catenin to neuropathic pain is shown in Figure 8 .
We also found that YAP and TAZ may play different roles in neuropathic pain. YAP is involved in both early (induction) and later (persistence) phases of neuropathic pain, whereas TAZ is involved only in the later phase. Such different roles of YAP and TAZ are, in a certain way, correlated with the different timing patterns of their nuclear accumulation and distinct cellular distributions in the spinal dorsal horn neurons and suggest their different functions in these cells and different roles in the pathophysiology of neuropathic pain. These different roles of YAP and TAZ also suggest that YAP may contribute to the pathogenesis of neuropathic pain via TAZ-independent mechanisms, although they are two related transcriptional coactivators downstream of the Hippo pathway. A recent study reports that YAP and TAZ play different roles during cancer progression and their expression profiles differ depending on the cancer cell type. Hepatocellular carcinoma exhibited a TAZ-dominant expression profile rather than a YAP-dominant expression profile under normal conditions and a shift toward YAP-dominant expression may be a key step in conferring cancer stem-cell-like properties in hepatocellular carcinoma (Hayashi et al., 2015) . Mechanisms underlying TAZ-independent YAP function need to be further investigated. Therefore, targeting YAP and TAZ may prevent the (3, 448) ϭ 627.3, p Ͻ 0.0001 (D), *p Ͻ 0.05, **p Ͻ 0.01 versus shamϩPEG400; #p Ͻ 0.05, ##p Ͻ 0.01 versus CCIϩPEG400. E, Dose-dependent analgesic effect of dCTB. Six different doses dCTB was injected, respectively, on the 14th day (arrow) after CCI and its analgesic effect was tested in the following 1-24 h. F, dCTB, at the maximum dose used (1.6 mg), did not affect the locomotor activities evaluated by the running time and maximum speed in ROTA-ROD experiment in naive rats. Individual Student's t test was used to test the possible difference between the preinjection and postinjection of dCTB or PEG400 in each of the groups. In A-F, n ϭ 8 rats were included in each of the groups.
induction of neuropathic pain and greatly suppress established painful conditions.
YAP/TAZ: potent analgesic screening targets
In this study, we have shown that nuclear activity of the transcriptional factors YAP/TAZ are core factors orchestrating the pathogenesis of neuropathic pain, making them potent therapeutic targets. Therefore, a drug that inhibits YAP/TAZ may have a potent analgesic effect. We have proven that VP, which impedes YAP-TEAD association and inhibits YAP activity (LiuChittenden et al., 2012) , is a potent analgesic, supporting the idea that VP, a prescriptive medicine currently used in clinic for treating macular degeneration (Brown et al., 2006) , may also be used for treating neuropathic pain. Excitingly, we have further identified a small molecule, dCTB, and shown that it may be the most potent analgesic in treating neuropathic pain. dCTB is an existing antitumor small molecule and was reported as an inhibitor of the transcriptional responses of YAP/TAZ (Basu et al., 2014) . A chemical synthetic pathway of dCTB described in the only report named compound 19 (C19) (Basu et al., 2014) did not lead to an effective synthesis. We have developed a new efficient chemical synthetic pathway (Fig. 5A ) to produce the compound dCTB and have proven that dCTB is an activator of phosphorylation of LATS and a potent inhibitor of YAP/TAZ and ␤-catenin. The biological effects of YAP/TAZ and ␤-catenin do not fully overlap, but YAP/TAZ, as indicated in this study, and ␤-catenin, as indicated in our recent study , are all critical to the development of neuropathic pain. Therefore, we believe that our newly synthesized dCTB is among the most potent analgesics, perhaps the strongest one so far, for treating neuropathic pain. This in turn firmly supports our hypothesis that YAP/TAZ and ␤-catenin are critical in orchestrating the development of neuropathic pain. The analgesic effect of dCTB via its regulation on Hippo and YAP/TAZ/␤-catenin signaling pathways is illustrated in Figure 8 . dCTB can greatly reverse the downregulation of p-LATS1 without affecting the downregulation of p-MST1/2 after CCI treatment (Fig. 5D) . These results suggest that dCTB may increase activities of LATS via an MST1/2-independent pathway. Studies have shown that the activity of LATS1/2 can be regulated by several inputs. NF2/Merlin and MAP4Ks activate LATS1/2 in parallel to MST1/2. LATS1/2 kinase activity can also be indirectly regulated by G-protein-coupled receptors and by the F-actin cytoskeleton . In addition, LATS activities can be increased by the adenosine monophosphate-activated protein kinase (AMPK) (DeRan et al., 2014; . AMPK is a key cellular energy sensor that regulates energy homeostasis; therefore, energy stress can also influence the activity of LATS1/2. A recent study showed that a molecule compound C19, which is similar to dCTB in this study, can activate AMPK (Basu et al., 2014) . Therefore, dCTB may increase activities of LATS via activation of AMPK, which is independent of MST1/2.
Recapitulation mechanism underlying neuropathic pain
The specific cellular and molecular mechanisms underlying neuropathic pain remain elusive. Numerous hypotheses have focused on alterations and phenotypic switches of the nociceptive transmitters and/or modulators and on their receptors and downstream signaling pathways that have already exerted roles in pain processes in mature nervous systems. They focus on the fact that the nociceptive system becomes sensitized after somatosensory nerve injury, which leads to neuropathic pain. This expression of maladaptive plasticity has been the dominant model underlying neuropathic pain (Costigan et al., 2009 ). We have recently provided evidence supporting the idea that neuropathicpain-inducing nerve injury and other forms of severe stress such as bone cancer and withdrawal of chronic morphine treatment may elicit neuronal alterations that "recapitulate" events occurring during development. That is, after injury, the nerve may seek to repair itself and reconnect damaged nerve fibers by reawakening dormant developmental signaling pathways. The activated molecules may include Wnt signaling and its target gene EphB receptor signaling Liu et al., 2009; Liu et al., 2011; Liu et al., 2013) , which become triggers for the development of neuropathic pain. These molecules therefore are potential therapeutic targets for treating neuropathic pain. In addition, the developmental signaling pathways Notch and Hedgehog are also known to contribute to the pathogenesis of neuropathic pain (Babcock et al., 2011; Sun et al., 2012) . This contribution, due to nerve injury-induced activation of these developmental molecules, is a unique and fundamentally different concept from maladaptive plasticity. Through the present study, we have reinforced the "recapitulation" model of neuropathic pain, which is coherent with the "maladaptive plasticity" model in that both emphasize the hyperplastic state during neuropathic pain. We reveal that the transcriptional factors YAP/ TAZ, which play a critical role as a nexus for Hippo signaling and an integrator of several other prominent signaling pathways, including Wnt, G-protein-coupled receptor, and Notch pathways (Hansen et al., 2015) , are critical mechanisms underlying the pathogenesis of neuropathic pain and potent targets for treating neuropathic pain after nerve injury and probably similar disorders of the nervous systems. 
